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Amorphous hydrogenated oxygenated carbon~a-C:O:H! films were deposited from C6H6/O2/
He/Ar mixtures in a deposition system fed rf power. The principal variable was the percentage of
oxygen in the feed,Rox . Film structure and composition were investigated as a function ofRox using
transmission infrared- and x-ray photoelectron spectroscopy. To some degree, greater values of
Rox lead to greater incorporation of oxygen functionalities such as OH, C–O, and CvO into the
deposited material. As revealed by ultraviolet-visible spectrophotometry, the optical gapE04
increased from;3.1 to;3.5 eV asRox was increased from 0% to;50%. Semiempirical methods
~PM3 and ZINDO-S/CI! allow modeling of the dependence ofE04 on Rox . Broad agreement
between the results of the experimental and theoretical analyses was obtained. ©1997 American
Vacuum Society.@S0734-2101~97!60603-X#
I. INTRODUCTION
Oxygen plasma treatment of conventional polymers has
received considerable research attention over the last 25
years.1 It is known, for example, that in addition to etching,
oxygen can react with aromatic rings to form phenols and
with saturated hydrocarbons to form hydroxyl groups. How-
ever, the deliberate inclusion of oxygen in plasma-deposited
amorphous hydrogenated carbon films has been little studied.
Prohaska and Nickoson2 demonstrated the presence of hy-
droxyl and carbonyl groups in films deposited from plasmas
of ethylene/oxygen mixtures. In addition, as shown recently
by the use of Raman spectrometry,3 the addition of a few
percent of oxygen to feeds to toluene vapor fed to a rf depo-
sition system produces a reduction in carbon atoms not
bonded in thesp3 configuration. Owing to the removal of
hydrogen from the film when oxygen is added to the feed,
the optical gap is reduced. Also, as revealed by atomic force
microscopy~AFM!, oxygen addition leads to a smoother film
surface.
In two recent publications, this group dealt with the
plasma enhanced chemical vapor deposition~PECVD! of
C2H2/O2/Ar mixtures, characterizing the discharges by acti-
nometric optical emission spectroscopy~AOES!4 and the
films using infrared spectroscopy~IRS!, x-ray photoelectron
~XPS!, and ultraviolet-visible spectroscopy~UVS!.5 Much
greater proportions of O2 in the feed~up to 40%! than those
that were used in the study of Ref. 3 were employed. As
Rox was increased, increasing densities of oxygen-containing
functional groups were found to be present in the films. An
important finding was that, as calculated from UVS data,
the optical gap,E04, of the films increased asRox was
increased.5
In the present work,a-C:O:H films were deposited from
rf plasmas of C6H6/O2/He/Ar mixtures. The films were char-
acterized by IRS, XPS, and UVS. The optical data, particu-
larly the optical gap, were again of note. AsRox was in-
creased the optical gap also rose. A well-founded
explanation of this behavior was lacking. However, in this
work, semiempirical methods are applied to model the varia-
tion in E04 as a function of film structure, providing the first
step towards a fully quantitative explanation.
II. EXPERIMENTAL DETAILS
Full details of the deposition system have recently been
published.6 Briefly, films were deposited in a cylindrical
vacuum chamber fitted with horizontal parallel-plate elec-
trodes. The upper electrode was fed rf power~40 MHz, 100
W maximum! via an in-line watt meter and impedance-
matching network. Gases~minimum purity 99.5%! were fed
to the chamber via precision mass flow controllers. Benzene
vapor was introduced, from a test tube containing liquid ben-
zene, via a precision needle valve. The following compo-
nents were present: C6H6 ~2.6 sccm!; Ar ~0.5 sccm!; He plus
O2 ~6.0 sccm!. Benzene was the monomer and O2 the
comonomer of interest. Argon was present to allow subse-
quent AOES experiments to be undertaken under identical
conditions.7 Use of He as a diluent allowed the total gas flow
rate to be kept constant; as the O2 flow rate was increased,
the He flow rate was decreased accordingly. During deposi-
tion, the system was pumped continuously by a rotary vanea!Electronic mail: durrant@ifi.unicamp.br
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pump. Deposition times in the range 15–30 min were found
to be adequate to deposit films of 1–2mm thickness. Sub-
strates for film deposition were placed on the lower elec-
trode. For subsequent IRS and XPS analysis, films were de-
posited, respectively, onto aluminum-coated glass and
aluminum substrates. Films for subsequent UVS analysis
were deposited onto quartz substrates. The spectrometers
used for the IRS and UVS analyses were, respectively,
Perkin–Elmer models 16PC and Lambda 9. A McPherson
ESCA 36 spectrometer employing the AlKa x-ray line
~1487 eV! for photoelectron excitation was used for the XPS
analyses. The atomic ratios were computed from the inte-
grated peak areas of the spectra, corrected for electron escape
depth, spectrometer transmittance, and photoelectron cross
sections for the photon energy of 1487 eV.8
III. RESULTS AND DISCUSSION
A. Deposition rate
The deposition rate,R, was calculated from the ratio of
the film thickness, derived from the UV spectra, to the depo-
sition time. Figure 1 shows the dependence ofR on the per-
centage of oxygen in the feed,Rox . A number of factors
influenceR. First, it should be noted that the supply~i.e., the
flow rate! of C6H6 vapor is constant. Second, the degree of
fragmentation of C6H6 in the plasma depends on reactions
involving oxygen or oxygen-containing species. Not only do
complex reactions involving oxygen occur, but the presence
of oxygen also alters the electron mean densityre and tem-
peratureTe ~or both!, thus altering the degree of fragmenta-
tion of the monomer. Furthermore, plasma/polymer surface
interactions are expected to significantly influence the depo-
sition rate.4 Oxygen may attach at the growing polymer sur-
face, but may also act as an etchant, producing CO or
CO2, which are readily pumped from the chamber. On the
other hand, He itself is not a passive species. The energy
from He metastable species may be released to surface
macromolecules, thereby leading to the desorption of surface
species from the deposited film.9 It will be remembered that
the flow rate of He decreases asRox increases.
Of these factors, increased fragmentation of the monomer
predominates at lowRox , while etching becomes increas-
ingly significant asRox is increased. The influence of the
dependence ofre and Te on Rox will be dealt with else-
where.7
B. Infrared spectroscopy
Figure 2 shows a series of transmission IR spectra of films
deposited at variousRox . In spectrum a~film deposited at
Rox50!, absorption bands are observed at around
FIG. 1. Deposition rate of films deposited from plasmas of C6H6/O2 /He/Ar
mixtures as a function of the proportion of oxygen in the feed,Rox .
FIG. 2. Transmission infrared spectra of films deposited atRox values of~a!
0%, ~b! 7.7%, ~c! 15.4%,~d! 23.2%,~e! 30.8%,~f! 38.5%, and~g! 46.2%.
FIG. 3. Deconvoluted C 1s x-ray photoelectron spectra for films grown at
Rox values of~a! 0%, ~b! 7.7%,~c! 15.4%,~d! 23.2%,~e! 30.8%,~f! 38.5%,
and ~g! 46.2%.
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1000 cm21 due to in-plane hydrogen wagging; at
;1600 cm21 due to the presence of CvC groups; at
;1700 cm21 due to CvO groups; at;2900 cm21 due to
CH bonds; at;3500 cm21 due to OH groups. The presence
of —CH2—CH2—CH2—, —CvCvC—, —CHvCH—,
and—CvC— groups with methyl chain ends and phenyl
side groups is typical of plasma polymerized benzene.10
The presence of the CvO absorption band in the spec-
trum of film a is intriguing as no oxygen was deliberately
introduced into the chamber during film deposition. How-
ever, as discussed by Yasuda and co-workers,11–13films with
a large density of free radicals are often observed in plasma
polymerization. These free radicals are long lived, surviving
for many days and even months after deposition. Conse-
quently, the incorporation of oxygen into the plasma polymer
matrix arises from chemical reactions between the radicals
and oxygen and water vapor molecules from ambient air.14
As Rox is increased~spectrasb to g! the following ten-
dencies are apparent: two bands in the range
700–800 cm21 are present due tometa-, para-, andortho-
substituted phenyl rings; a prominent band at 1200 cm21
emerges due to C–O groups; the band at about 1700 cm21
due to CvO bonds becomes a major feature; as revealed by
the decrease in the band at about 2900 cm21, there is a rela-
tive decline in the CH bond density; the band due to hy-
droxyl groups increases.
It may be concluded that oxygen is incorporated into the
films in the form of OH, C–O, and CvO groups.
C. X-ray photoelectron spectroscopy
Figure 3 shows the C 1s spectra obtained by XPS of films
grown at various values ofRox between 0% and 50%. Each
spectrum has been deconvoluted into various Gaussian
curves. For each spectrum, Table I shows the relative contri-
butions to the total intensity due to —CH, —CO, and
—C~O!O groups. This analysis is based on the identification
of the Gaussian peaks centered at 284.6, 286.5, and 288.4 eV
with the above mentioned functional groups, a procedure
employed earlier by other workers15 and by the authors.5
Table I also shows the oxygen to total carbon atom ratio in
each of the films. It is clear that O:C rises steadily with
increasing Rox , but falls for Rox values greater than
FIG. 4. Refractive index of the films as a function ofRox .
FIG. 5. Absorption coefficienta (cm21) as a function of photon energy~eV!
for films deposited atRox values of~a! 0%, ~b! 15.4%,~c! 30.8%, and~d!
46.2%.
FIG. 6. The optical gapE04 ~eV! as a function ofRox @calculated from curves
of a(E) by obtaining the energy at whicha5104 cm21#.
TABLE I. X-ray photoelectron spectroscopic analysis of films deposited from
plasmas of C6H6 /O2 /He/Ar mixtures at variousRox .
Rox
Deconvoluted O 1s spectra
relative area
O:C ratio—C~O!O— —CO— —CH
0 4 12 84 0.14
7.7 4 15 81 0.18
15.4 4 15 81 0.18
23.2 4 15 81 0.20
30.8 7 18 75 0.38
38.5 4 13 83 0.19
46.2 5 13 82 0.19
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;30%. It may be noted that gas-phase CO is easily pumped
from the deposition chamber and may be present at relatively
high concentrations at highRox . This may explain the reduc-
tion in the degree of oxygenation of the films at highRox .
The O:C ratio of 0.14 observed atRox50 confirms the
interpretation given above of the IR spectroscopy data,
namely that postdeposition reactions between trapped free
radicals in the film and atmospheric oxygen and water lead
to the incorporation of oxygen even when no oxygen is de-
liberately introduced into the feed to the chamber. Indeed,
FIG. 7. Some of the structural models studied in the present work:~a! schematic and~b! ball-filling space. The dark balls represent O; the grey balls represent
C; the white balls represent H.
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ratios of oxygen to carbon atoms of 0.085 and 0.1516 have
been observed in films deposited from acetylene/argon and
pure acetylene plasmas, respectively. Moreover, spectruma
~film deposited withRox50! also shows the presence of
—C~O!O groups.
D. Ultraviolet-visible spectroscopy and molecular
modeling
Using the same approach as adopted previously,5 the op-
tical parameters refractive index,n and absorption coeffi-
cient,a, and optical gap,E04, were determined for the series
of films deposited at various values ofRox . Figure 4 shows
n as a function ofRox . No strong dependence ofn onRox is
observed. This is in contrast to the dependence noted earlier
for similar films deposited from plasmas of C2H2/O2/Ar
mixtures, wheren falls at highRox .
Figure 5 showsa as a function of photon energy for films
deposited at variousRox . The successive displacement of the
curves to higher energy for a given absorption, reflects in-
creases in the optical gap. The use ofE04, defined as the
energy for whicha5104 cm21, as the optical gap is custom-
ary where the more commonly applied Tauc model17 is in-
applicable. According to the Tauc model,
~aE!1/25B~Eg2E!, ~1!
whereEg is the optical gap andB is a constant. However, for
the presenta-C:O:H films, Eg cannot be determined from
Eq. ~1! in the usual way from plots of (aE)1/2 versusE since
such plots do not produce straight lines. The explicit depen-
dence ofE04 on Rox is given in Fig. 6.
In order to complement the experimental measurements
of the optical gap, we have investigated the geometrical and
spectroscopic features of polyacetylenelike polymer units
with the incorporation of oxygen. The geometric data were
adapted from calculations using parametric method 3,18
which gives very good results for geometries and heats of
formation. However, it does not produce spectroscopic re-
sults of comparable quality. Hence, for the spectroscopic cal-
culations, we have used Zerner’s intermediate neglect of dif-
ferential overlap configuration~ZINDO/S-CI!,19 which is
specifically parameterized to describe the ultraviolet-visible
optical transitions of organic compounds.
We have analyzed many different molecular configura-
tions, such as those shown in Figs. 7~a! and 7~b!. Figure 8
shows the oscillator strength as a function of transition en-
ergy for seven molecular configurations, which have differ-
ent oxygen contents and numbers of Cv bonds. Except for
the reduction in the gap observed for C20H22O3 compared to
C20H22, increasing oxygenation leads to higher optical gaps,
in agreement with the experimental data. As shown in Fig. 9,
this effect can be understood in terms of the relative move-
ment of the electronic active states involved in the first elec-
tronic transition. It can be seen from the figure that the high-
est occupied molecular orbital-lowest unoccupied molecular
orbital ~HOMO-LUMO! difference, which essentially de-
fines the optical gap, varies according to the number of oxy-
gen atoms, and thus explains the dependence of the optical
gap on the film oxygen content: It may also be noted that, as
revealed by the calculations for configurations 6 and 7, for
chains of lower conjugation length with oxygen in the
middle of the chain, the optical gap increases substantially.
IV. CONCLUSIONS
As revealed by IR and XP spectroscopic analysis,
a-C:O:H films whose oxygen content may be controlled by a
uitable choice of the proportion of oxygen in the feed may
be deposited from plasmas of C6H6/O2/He/Ar mixtures. The
films contain CvC, CvO, CH, and OH groups andmeta-,
para-, andortho-substituted phenyl rings.
FIG. 8. Simulated absorption spectra of C20H22-like chains from ZINDO
calculations as a function of the number of substituted oxygen atoms. These
curves were obtained from normalized gaussian functions weighted by the
oscillator strengths. The structures are~1! C20H22, ~2! C20H22O3, ~3!
C20H22O8, ~4! C20H26O3, ~5! C20H26O8, ~6! C19H26O3, ~7! C19H26O8.
FIG. 9. One electron energies for the configurations~1! C20H22, ~2!
C20H22O3, ~3! C20H22O8, ~4! C20H26O3, ~5! C20H26O8, ~6! C19H26O3, and~7!
C19H26O8. These results were obtained using the ZINDO method. The
dashed line separates occupied molecular orbitals from unoccuppied ones.
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The deposition rate is typically 80 nm/min but, owing to
etching by atomic O, falls at high proportions of oxygen in
the feed.
From UV spectroscopic data, the absorption coefficients
of the films as a function of photon energy were determined
for various values ofRox . The optical gap increases from
about 3.1 to about 3.5 eV asRox is increased from 0% to
;50%. Semiempirical modeling provides a semiquantitative
explanation of the dependence ofE04 on Rox .
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